Switching of the direction of flagella rotations is the key control mechanism governing the chemotactic activity of E. coli and many other bacteria. Power-law distributions of switching times are most peculiar because their emergence cannot be deduced from simple thermodynamic arguments.
[12]. The origin of such fluctuations was not well-established, though. It was conjectured that intrinsic stochasticity of the regulating genetic pathway, in particular, 'genetic noise' due to a finite number of reacting protein molecules in the cell could produce such fluctuations.
In this paper, we investigate this hypothesis by using chemical kinetics models of CheY-P synthesis and resulting CCW -CW switching. We demonstrate that molecular noise and its correlations due to finite regulator protein synthesis timescales are sufficient for reproducing the power-law distribution of CCW durations. Exponential distribution of CW durations is a consequence of a weaker sensitivity of CW -CCW transition threshold to CheY-P regulation.
II. MODELS AND METHODS
Chemotactic regulation of E. coli relies on the complex intracellular signaling network [13] . It starts with chemoreceptors at cytoplasmic membrane, the binding sites for chemoattractant molecules. The intracellular transduction cascade controls production of CheY-P protein that diffuses to motors and modulates switching of the direction of rotation, CW or CCW, making bacteria tumble or run.
A minimal model of the regulatory pathway is given in terms of chemical kinetics. Transitions between states with different number of CheY-P molecules, Y n ≡ n, follow
where K y+ = Y0 τ , K y− = Yn+1 τ are transition rates, Y 0 is the equilibrium number of molecules, and τ is the characteristic relaxation time of the signaling pathway. Being an elementary birth-death process, it intrinsically contains all necessary ingredients, stochasticity, discreteness of states and finite correlation time, τ , which previously had to be brought in by an additive Gaussian noise [11] . We assume that concentration of chemoattractant, the input signal for the pathway, is changing slowly (in course of motion of a cell in the gradient or time variations of its level), as compared to the switching timescale, so that Y 0 can be taken constant.
Switching of flagella rotations is also modeled from the first principles. Let X = 0 correspond to the clockwise and X = 1 to the counterclockwise regimes. Transitions are controlled by the state of the regulating pathway, Y [11]
where K + x = K + (1 − X), K − x = K − X, formally restricting transitions to the set of two states X = {0, 1}. The transition rates are modulated by the level of CheY-P: where α ± > 0 set sensitivities, and the energy barriers are approximated by a linear dependence on CheY-P level [12] . Let us discuss the qualitative behavior of the model. Assume that a flagellum rotates clockwise (tumbling), such that X = 0, then K + x = K + , K − x = 0. If the level of CheY-P goes below the equilibrium value, Y n < Y 0 , then the rate coefficient K + > K 0 and switching to counterclockwise rotation (running) will be favoured. Conversely, higher levels of Che-P, Y n > Y 0 , will delay the switch. When a flagellum rotates counterclockwise (run), respective fluctuations above and below an equilibrium value Y 0 will lead to the opposite effects. Non-identical sensitivities to the regulating signal, α ± , allow for independent tuning of the transition rates between running and tumbling.
The above simple model has one drawback, that is transition rates in Eq.(3) can get exponentially large (small) in response to increasing (decreasing) signal Y , which may be not biologically plausible. To account for a finite capacity of CheY-P -motor protein binding, the rates can be modified as suggested in Ref. [10] :
which corresponds to saturation with the level of Y n above the dissociation constant K d . We perform numerical simulations of the models (1-4) by implementing Gillespie stochastic algorithm [14] , thereby making the study free of any kind of approximation in terms of deterministic equations of classical chemical kinetics or Langevin dynamics [10, 11] . Each realization corresponds to N = 10 7 steps of the algorithm (one of a possible set of chemical reactions). The durations of residence in each state, t ccw and t cw , are determined as the time between two consecutive relevant reactions. At least 10 10 durations of CW and CCW states are collected in repeated realizations to calculate their probability distribution functions (PDFs), p(t cw ) and p(t ccw ), and analyze their dependence on the relaxation (correlation) time of the regulatory signal and the sensitivity of transition rates.
The power-law fitting of the obtained PDFs is then performed by using the least squares linear regression for the log-log scaled distributions. The quality of fit is characterized by the coefficient of determination, R 2 ∈ [0, 1], with large values corresponding to better fit. We vary the interval of durations to search for the best fit, l, and request that in spans over at least 1.3 decades with R 2 > 0.98. Otherwise, the power law hypothesis is rejected.
III. RESULTS
We start with the simplest form of rate coefficients, as given by Eq. (3) , and estimate PDFs of durations of run and tumble phases. It is straightforward to see that if CheY-P is absent, Y 0 = 0 (switching is insensitive to CheY-P, α ± = 0), the process is Poissonian and the PDFs of residence intervals are exponential, p(t ccw ), p(t cw ) ∝ exp(−K 0 t).
We begin with the case of equal sensitivities, α ± = α. Numerical results indicate that a correlated molecular noise due to the pathway signal, Y n , can produce an algebraic scaling in distributions of durations, p(t ccw ) ∝ t −γ , over a pronounced interval (1.5 − 2 decades) with the cutoff at large durations; see Fig. 1(a) . In accordance with Ref. [11] , decreasing the correlation time changes this distribution towards an exponential. The model is also capable of reproducing the exponential statistics for CW durations, coexisting with the power law scaling for CCW durations. The only source of non-identity is in sensitivity of transition rates to signaling, α + = α − . As the residence time in a state is determined by the escape rate, it can be expected that a decreased sensitivity of CW→CW transition to the level of CheY-P, will lead to an exponential distribution of CW durations (as in the limiting case α + = 0). An example of this regime is shown in Fig. 1(b) .
Extensive simulations in a large parameter region reveal that power law distributions emerge only when the relaxation timescale of CheY-P level is substantially greater then that of switching between CW and CCW states, τ 1/K 0 , see Fig.2 . At the same time, we observe that the increase of the mean number of signaling molecules, Y 0 , destroys power law scaling, see Fig.2(a) . This effect can be understood as diminishing of the fluctuations with large numbers of reacting molecules. Sensitivity parameter, α, is also able to control transition between power law and exponential PDFs of duration intervals (Fig.2(b) ). Values of the power-law exponent found in most of the region, 1 < γ < 2, are consistent with experimental observations, which estimated the power law exponent for the cumulative distribution of CCW durations as γ − 1 ≈ 1.5, and evidence that slow methylation as a part of the signaling pathway, is responsible for the long time correlations in the signal output that could stand behind the power law [13] .
Now we consider a more biologically plausible model for transition rates, Eq.(4), that captures saturation in the motor response. To sharpen the effect, we turn to the case K d < Y 0 , when saturation is pronounced already on the equilibrium level of CheY-P, Y p = Y 0 . Our results confirm that again slow relaxation and long correlations in Y p , together with higher sensitivity of the CCW→CW transition to the regulatory signal, can lead to the appearance of a power law scaling in CCW durations, while CW durations remain exponentially distributed, see Fig.3 .
A systematic study of statistics as a function of the parameter values of the model is presented in Fig.4 . The (K d , Y 0 ) parameter plane exhibits two different regions, Fig4(a). Namely, for Y 0 < K d , when saturation effects are weak, there is a strong deviation from the power-law statistics as the number of molecules increases. Power law scaling appears with relatively low numbers, γ < 2. For Y 0 > K d saturation effects make the exponent to reach larger values, γ > 4. On other parameter plane, (K d , α − ), we observe a persistence of the power-law scaling in a large range of CCW→CW transition sensitivities, α − , Fig.4(b) . There, one again notices the regimes with relatively small, γ ≤ 2, and large, γ > 4, values of the power law exponent, as dictated by the ratio between the mean number of CheY-P molecules, Y 0 , and the saturation constant K d .
IV. CONCLUSIONS
We studied statistics of flagella switching between CCW ('run') and CW ('tumble') regimes, the output of chemotactic signaling pathway controlled by the finite-number molecular dynamics of CheY-P protein. We demonstrated that the correlated noise induced by finite-size fluctuations is sufficient to reproduce power-law distributions of CCW durations in a broad parameter region. Exponential distributions of CW durations appear due to a weaker sensitivity of the CW -CCW transition threshold to the CheY-P regulation. Extensive numerical sampling allowed us to map parameter regions with power law statistics.
Our results open certain theoretical perspectives. The origin of power-law distributions found in mobility patterns of many living organisms, ranging from bacteria to sharks and human beings, remains a mystery [15] . Even though one can accept the hypothesis that this type of distributions was selected by evolution as the optimal strategy for survival and best accomplishment of every-day routines, physiological mechanisms behind the power-laws are not understood yet. A simple chemical network, driven by finite number fluctuations intrinsic to intracellular molecular dynamics, is able to generate tunable power-law distributions and therefore constitutes a promising candidate for such a 'generator'. Our findings are also of potential relevance to bioengineered cell chemotaxis (to control motility of bacteria), biofilms formation and targeted cell-assisted drug delivery.
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